SiO 2 supported Ag-Au bimetallic catalysts were prepared by sol adsorption method with 10/90, 20/80, 33/67, and 50/50 Ag/Au molar ratios. Reduction of HAuCl 4 in Ag sol resulted in alloyed AgAu colloid particles and that structure remained after calcination and reduction treatment. The alloy structure of the catalysts was confirmed by UV-visible spectroscopy and high resolution transmission electron microscopy. The Au-Ag bimetallic effect and its dependence on the Ag/Au molar ratio was studied in glucose oxidation where synergistic activity increase was observed compared to the Au/SiO 2 reference sample in case of the bimetallic samples with less than Ag/Au=50/50 molar ratio. The Ag/SiO 2 was inactive at the same conditions. The Ag/Au surface atomic ratios -calculated by X-ray photoelectron spectroscopy (XPS) -were slightly higher than in the bulk -determined by prompt gamma activation analysis (PGAA). The higher activity of the bimetallic samples is suggested to be caused by the improved O 2 activating ability provided by Ag sites. The further increase of Ag loading above the optimal concentration may dilute or cover the Au to such an extent that the number of gold ensembles necessary for glucose activation decreases deteriorating the activity.
Introduction
Since Haruta discovered [1] the high catalytic activity of nano-size gold in CO oxidation the number of scientific papers started to grow exponentially in this field. Gold nanoparticles catalyze important reactions, such as CO oxidation, propene oxidation, water gas shift reaction, synthesis of H 2 O 2 , selective oxidation of alcohols and aldehydes. The activity in a desired application is determined by the oxidation state of the reactive species, the gold particle size, shape and location on the support controlled by the preparation process and the nature of the support [2, 3] .
First, Biella et al. published [4] the highly efficient utilization of gold catalyst in the oxidation of glucose. D-Gluconic acid is one of the most valuable oxidation products of D-glucose and used as intermediate in food and pharmaceutical industries [5] . In contrast with the Pt and Pd based catalysts (exhibiting high activity but low selectivity), using gold catalysts gluconate was obtained with 100% selectivity moreover self-poisoning and metal leaching were also avoided [6, 7] .
Studying the particle size and support effect of gold catalysts in our previous work an inverse correlation was found between the activities in CO oxidation and in glucose oxidation and it was demonstrated that in glucose oxidation the effect of the support is more significant than the small gold particle size [8] . Reaction mechanism suggested for glucose oxidation over gold involved O 2 reduction to hydrogen peroxide, which was experimentally detected by Rossi and coworkers. A study on the poisoning effect of different molecules on Au catalysts concluded that soft bases have high poisoning effect and hard bases (e.g. OH -) have promoting effect on the activity in aerobic glucose oxidation. A molecular model for the electronic interactions has been suggested: soft and hard nucleophiles interact with the gold clusters in a different way and influence the oxygen reduction step of glucose oxidation [9] [10] [11] .
Bimetallic catalysts appeared promising in activity enhancement in many reactions through forming new active sites and inducing synergistic effects. In oxidation reactions AgAu nanocatalysts have been reported to show synergism, higher activity has been reached in different oxygen transfer reactions such as CO oxidation, preferential CO oxidation in H 2 (PROX), oxidation of benzyl alcohol and glucose. The increased activity strongly depends on the silver content of the bimetallic catalysts in CO oxidation [12] , benzyl alcohol [13] and glucose oxidation [14] [15] [16] . While in the case of monometallic gold catalysts the activity is influenced by the particle size and the nature of the support, in the case of bimetallic AgAu nanoparticles (NPs) they have secondary importance in CO oxidation in presence and absence of hydrogen. [17, 18] . Regarding the AgAu structure Mou et al. reported the relevance of the pretreatments: in oxidizing atmosphere Ag-O bond formation was detected by EXAFS and after reduction in H 2 the silver oxide disappears, realloying of Ag and Au was observed [18, 19] . The calcination and reduction temperature also affected the catalytic activity in CO oxidation [20] . Zanella and coworkers have studied TiO 2 and SiO 2 supported Au-Ag catalysts in CO oxidation reaction and found that the support is not involved in the reaction as in the case of the monometallic gold catalysts [21] . Synergistic effect has been observed in CO oxidation between Ag and Au using mesoporous aluminosilicate as support and explained by improved adsorption and activation of oxygen on the catalysts [22] . The best activity was achieved when Ag/Au molar ratio was 3/1 and that was explained by the strongest intensity of the O 2 -species on the catalyst surface detected by electron paramagnetic resonance (EPR) technique [23] .
In glucose oxidation Comotti et al. have reported [24] higher activity of activated carbon supported AuPt and AuPd nanoparticles compared to monometallic gold NPs at low pH, whereas almost no effect has been detected at pH 9.5. Hermans et al. have reported [25] synergistic activity in glucose oxidation at high pH using carbon supported Au/Pd catalysts prepared by impregnation in aqueous solution. The synergistic effect was related to high Pd surface content. Zhang, Toshima and their co-workers have extensively studied unsupported, PVP-protected bimetallic AuPd, AuPt, AgAu and trimetallic AuPtAg nanoparticles in glucose oxidation. [26] [27] [28] [29] [30] [31] Synergistic activity has been reported in all three systems at high pH. The "crown-jewel-structured" AuPd nanocluster catalysts were prepared by galvanic replacement reaction method, they shown excellent activity in the reaction. The authors concluded that "the anionic charge on the top Au atoms is the direct cause for the high reactivity", based on DFT calculation results and XPS measurement; namely 0.25eV of Au 4f 7/2 binding energy decrease was detected compared to the corresponding Au nanocluster. In the case of Ag core/Au shell type bimetallic nanoparticles the highest activity was reached at Ag/Au = ¼ atomic ratio. The synergistic activity increase was explained by the possible electronic charge transfer from Ag in the core to the Au in the shell originating from the ionization potential of Au and Ag (9.22 and 7.58 eV, respectively), however the XPS results showed binding energies corresponding to zero valence Au and Ag in the AgAu NP (Au 4f 7/2 : 83.8eV and Ag3d 5/2 : 367.8eV, respectively) [14, 28] . In the case of the trimetallic AuPtAg alloy NPs (atomic ratios:
70/20/10=Au/Pt/Ag) higher activity was reported than in the case of the corresponding Aucontaining bimetallic NPs and correlated to small diameter of the NPs and the negatively charged Au atoms due to electronic charge transfer from Ag atoms and the PVP stabilizer. XPS results
showed the binding energy of Au 4f 7/2 in the AuPtAg NPs 0.2eV lower than that of in the pure PVP protected Au NPs (82.8eV). DFT calculations also confirmed the negatively charged Au atoms, and
Ag atoms was found positively charged in the trimetallic NPs [29, 30] .
As seen from the literature cited above the AgAu bimetallic NPs are very promising catalysts in oxidation reactions and the origin of their activities are not clear. Herein, we report an investigation on the formation of SiO 2 supported AgAu catalysts prepared by preformed bimetallic colloidal nanoparticles. Our aim was to produce well characterized truly bimetallic AgAu NPs of various Ag/Au atomic ratios and study the effect of particle composition on glucose oxidation activity. Application of the pre-prepared colloidal particles for the preparation ensures that the gold and silver particles are in metallic state. The structure of the AgAu colloidal particles has also been studied.
Experimental

Materials
Aqueous solutions of HAuCl 4 ·3H 2 O (Aldrich); AgNO 3 (Aldrich); polyvinylalcohol (PVA) (Aldrich); poly(diallyldimethylammonium) chloride (PDDA) (Aldrich); commercial silica (Degussa Aerosil 200) and NaBH 4 (Aldrich) were used as received for the preparation of the catalysts.
Analytical grade D-glucose and analytical grade Na 2 CO 3 and NaHCO 3 for the preparation of the buffer solution were purchased from Sigma-Aldrich and used as received.
Catalyst preparation
At first bimetallic and monometallic nanoparticles stabilized by PVA in aqueous sols were assisted by PDDA addition. All suspensions were filtered, the filtered cake washed thoroughly and dried at 60°C. Before catalytic tests the supported catalysts were calcined in synthetic air flow at 400°C for 1 h and after that reduction treatment was carried out in hydrogen flow at 350°C for 30 min.
Sample characterization
UV-visible absorption spectra of the sols and the supported samples were recorded at ambient temperature using a double-beam spectrophotometer (JASCO V-550). The aqueous suspensions of the catalysts samples were dropped on a glass plate and after evaporating water the UV-visible spectra of the samples were recorded.
The distribution and size of gold and silver particles on SiO 2 was studied by a Philips CM20 transmission electron microscope (TEM) operating at 200 kV equipped with energy dispersive spectrometer (EDS) for electron probe microanalysis. The gold particle size distribution was obtained by measuring the diameter of about 300 metal particles. High-resolution transmission electron microscopy (HRTEM) investigations were carried out by a JEOL 3010 microscope operating at 300 kV with a point resolution of 0.17 nm. The HRTEM was equipped with a GATAN Tridiem energy filter used for Electron Energy Loss Spectroscopy (EELS) elemental mapping. The sols and aqueous suspensions of the samples were drop-dried on carbon-coated microgrids for the investigations. In due cases Au-etalon was dropped onto the grids and used for HRTEM reference as explained elsewhere [32] .
Surface concentrations of Au and Ag were determined by X-ray photoelectron spectroscopy and intensities of the peaks in the gamma spectrum were determined with the Hypermet-PC [35] program, whereas the element identification and the calculation of the concentrations was done with the program ProSpeRo [36] , utilizing our prompt-gamma analysis library [37] . Every step of the measurement and the evaluation can be described with statistical methods; therefore the uncertainties of the results can be readily estimated from a single measurement.
Catalytic test
The catalytic behavior of the samples was evaluated in glucose oxidation as a model reaction.
Oxidation of glucose was carried out in a thermostated, magnetically stirred batch reactor, bubbling oxygen at atmospheric pressure through the liquid phase. 
Results and Discussion
Formation of Ag-Au nanostructures
In order to understand the structure of the catalysts, characterization of the system was carried out at each step of the preparation process.
In the first step PVA stabilized Ag sol was formed by reducing AgNO 3 with NaBH 4 . This parent Ag sol was analyzed by HRTEM which provided information on the crystal structure of the sample. Considering our preparation method regular cubic Ag crystal structure was expected. In fact, we have found particles of both fcc and hexagonal structures. was also observed in the case of Ag-nanowires [38] . The equilibrium crystal structure for silver is fcc (a=0.4086 nm) [39] , however, three other polytypes of Ag have also been reported: the 9R polytype forming at grain boundaries in polycrystalline Ag, [40] , the two-dimensional (2H) hexagonal phase of Ag can be grown on glass and Si by controlled electrochemical deposition [39] and the 4H hexagonal polytype which, interestingly, to date, has been observed only in nanocrystalline and continuous films [39, 41] or nanorods [38, 42, 43] .
Size-dependent phase stability of silver nanocrystals governing the formation of different Ag polytypes was reported in references [38, 44] . Chakraborty et al. [39] underlined the importance of the control of growth kinetics prior to the size effect and concluded that the former is enough to obtain any of the three polytypes of Ag. Huang et al. [45] successfully fabricated belt-like 4H Ag and suggested that the reason why 4H Ag is rarely observed is probably due to a special combination of synthesis parameters. Similar interpretation of why 4H Ag is favored under our experimental condition could be applied. In our preparation method the silver nanoparticles were prepared in aqueous media and NaBH 4 was added quickly to the mixture of AgNO 3 and PVA. The reduction of the Ag ions happened rapidly. Thermodynamically the fcc structure is favorable while under kinetic control the less stable 4H hexagonal polytype of silver can be grown. observed. Size-dependent spontaneous alloy formation was concluded by Shibata et al. [47] . In the case of alloy structures, e.g. Cu-Au [48] , Zn-Au [49] , Pb-Au [46, 50] , Sb-Au [51] HRTEM is utilized to determine the change in the lattice parameters resulting from the alloying process. Gold and silver have similar atomic sizes and a face centered cubic (fcc) crystal structure with similar lattice constants of 0.408nm and 0.409nm, respectively [47] ; complete miscibility can be obtained by these metals in the bulk at any composition with no change in lattice constants. Therefore the usually observed lattice parameter change in the case of alloy structures is not expected in Ag-Au system. 4H Ag hexagonal crystal structure -found in the case of the parent Ag sol -was not detected in the case of alloy sol samples, only the equilibrium fcc crystal structure was observed.
The absence of 4H Ag phase in the alloy could be due to that the NPs can be restructured during the preparation process. can conclude that every -observable -particle contains Ag, so the particles should be bimetallic.
Alloy formation is supported also by the contrast within the particles that is distinct from the appearance of core-shell structure in bimetallic particles.
The plasmon image shows dark contrast of the catalyst particles compared to the non-metallic carbon background. That represents metallic feature of the Ag-Au particles suggesting that all of them are reduced.
UV-Vis spectra of the AgAu nanostructures were recorded to understand the formation of the bimetallic particles. Shibata et al. also observed [47] spontaneous alloying of bimetallic core-shell Au-Ag nanoparticles at ambient temperature, which was explained by the vacancy defects at the boundary between the two metals. Such defects may be caused by the need to replace the stabilizers at the surface of the particle during synthesis of the shell. In our case similar behavior could also be the reason of the alloy formation in the sol. The diffusion of metals is commonly accepted to proceed via migration of atoms into vacancy defects. A single vacancy at the interface is enough to catalyze fast diffusion. This process is reinforced by the decreased melting point of the metals due to small diameter of the particles [54] .
Structure of the AgAu/SiO 2 catalysts
The actual metal contents and the Ag/Au ratios of the catalysts were determined by prompt gamma activation analysis (PGAA), and fit well with the nominal values ( Table 1. ) Table 1 presents AgAu particle sizes of the catalyst samples after calcination at 400 o C in synthetic air (by that the organic residues can be removed) and after following reductive treatment in H 2 at 350 o C determined by TEM and the standard deviations which are characteristic of the particle size distribution. The mean particle size of pure Au/SiO 2 and pure Ag/SiO 2 sample were similar, 4.8nm. In the case of Ag/SiO 2 sample the particle size distribution was broad (4.8 ± 3.5 nm) due to several much larger particles with 5-16 nm in diameter beside the numerous particles with 3-4nm size. In the case of the bimetallic samples the mean particle sizes range between 2.9 and 5.2 nm. In the case of Au/SiO 2 the decreased Au particle size after reduction is surprising. Small changes were observed in the particle sizes after reduction treatments (or catalytic reaction), and the resulting sizes were more similar in the different samples than in the calcined state. Only a few crystals were found as pure silver-oxide, most part of the particles was in metallic phase. It is worth pointing out that both Ag and Ag-oxide phases were present within one particle (Fig 5) regardless of the size of the particles in every case where Ag-oxide was observed.
HRTEM measurement of 33Ag67Au/SiO 2 bimetallic catalyst showed mostly metallic Ag(Au) crystals and two-phase contrast was not seen within the particles. Figure 6 shows the UV-Vis spectra of the supported catalysts after calcination (A) and after reduction treatment (B). The intensities of the bands are not comparable because -as a consequence of the measurement method -the catalyst amounts placed on the glass plates were not the same.
Single adsorption bands were detected in the case of all samples after calcination. All surface plasmon resonance (SPR) bands were broad due to the size distribution of the particles. After reduction only single, narrower SPR bands were detected for all catalysts compared to the bands of the calcined samples. Figure 7 shows the correlation between the nominal Au molar ratio and the maximum of surface plasmon bands. The SPR bands shift to higher wavelengths with increasing Au molar ratio.
The position of the maximum absorption band is related to the surface structure and composition beside the particle size [22, 28] . In accordance with the literature linear correlation was found in the case of calcined samples and reduced samples showing Ag-Au alloy structure.
In a recent study [55] on the dependence of the SPR band on the alloy composition the authors found that the correlation between the position of the SPR band and the gold fraction was deviated from linearity and was described by a third-order polynomial function. The composition dependence can be approached by a linear relation between 0.2 and 0.8 gold fraction range only.
The authors took into account alloy nanoparticles with diameters between 5nm and 50nm as against our work where smaller than 5nm sized particles were studied. The band positions were changed with calcination-reduction treatments in our case. In the calcined samples deviation from linearity can be originated from the somewhat different particle size and may suggest some phase segregation, inhomogeneity of alloy. Reduction pretreatment caused a blue shift of the absorption bands and a diminution of the deviation from linearity suggesting more homogeneous AgAu alloy structures. This effect could be explained by the following: oxygen treatment favors the Ag concentration enhancement on the surface because Ag-oxide formation is thermodynamically favored, but as the temperature raises the decomposition of the preformed oxide is occurred above 250°C [56] . Modification of the surface plasmon of the particles likely reflects this surface structure/geometry change, that can be an important factor affecting the catalytic properties.
The results confirm that the AgAu nanoparticles prepared by our method are AgAu alloy with random distribution of Ag atoms rather than core-shell AgAu, AuAg or a mixture of Au and Ag nanoparticles [12] .
To determine the oxidation states of the bimetallic nanoparticles close to the surface and the relative surface concentration of Ag and Au XPS spectra were recorded on the catalyst samples after calcination in air at 400°C and after reduction treatment in H 2 at 350°C. The surface atomic ratio of Ag and Au were calculated using sensitivity factors given by the manufacturer and are presented in Table 2 . Surface Ag/Au ratios are only slightly higher than the bulk for the 10Ag90Au/SiO 2 and 20Ag80Au/SiO 2 catalysts, but high Ag enrichment on the surface was observed for the 33Ag67Au/SiO 2 .
Catalytic properties
The bimetallic Ag-Au/SiO 2 catalysts with different Ag-Au ratios were tested in glucose oxidation. The catalytic activity of the samples was compared in Figure 8 . Synergistic activity increase was achieved with addition of Ag to Au at lower than Ag/Au=50/50 nominal atomic ratio.
Regarding that the mean particle size of the bimetallic particles is the smallest (2.9nm) in the 20Ag80Au/SiO 2 sample; it does not mean that the 20/80 is the optimum atomic ratio. At 50%
nominal Ag content no activity was detected as in the case of pure Ag/SiO 2 sample. The inactivity of 50Ag50Au/SiO 2 cannot be explained only by the different particle size (5.2nm), the Ag/Au ratio must be a more important factor. Taking into account that the penetration depth of XPS is greater than one monolayer it is possible that the Ag/Au atomic ratios are higher in the topmost surface layer than the XPS results show and this causes the inactivity of the 50Ag50Au/SiO 2 sample.
The effect of the reduction treatment in H 2 at 350°C of the calcined samples was investigated.
The activity reached a maximum value at 20/80 Ag/Au ratio in the case of the reduced sample. The reduction treatment slightly affects the activity of the calcined 10Ag90Au/SiO 2 and Au/SiO 2 catalysts, while the particle size decreased somewhat. The 50Ag50Au/SiO 2 and Ag/SiO 2 showed no activity even in reduced form. The reduction treatment increased the activity to a higher extent in the case of 33Ag67Au/SiO 2 and somewhat lower extent in the case of 20Ag80Au/SiO 2 , These differences might be explained by the decreased surface Ag/Au atomic ratio in the latter reduced (Table 2 ) samples compared to the calcined ones, supposing that the optimal Ag/Au surface ratio (at which the activity reached the maximum value) is lower than in calcined 20Ag80Au/SiO 2 .
Physical mixture of the monometallic Ag/SiO 2 and Au/SiO 2 catalysts in 20% and 80% metal content, respectively, was also tested in the reaction. The activity correlated to the activity of the monometallic Au/SiO 2 as converted to the same amount of metal. Absence of any synergistic effect
shows that the Ag of the physical mixture is not involved in the reaction.
The stability of the catalysts in the reaction was tested with the used calcined 10Ag90Au/SiO 2 catalyst. The activity of that sample was high, but decreased somewhat compared to the fresh sample. The reason of the activity-decrease is under investigation.
The role of Ag
The higher activity of the bimetallic samples can be originated from the role of Ag in the oxygen activation during the reaction. Alloying silver with gold induces significant changes in the mode of oxygen adsorption on Ag. Kondarides and Verykios studied [57] the oxygen adsorption properties of α-Al 2 O 3 supported silver -gold alloy catalysts using micro-gravimetric and temperature desorption techniques in the temperature range from 30 to 400°C. Three types of adsorbed oxygen species have been proposed on the alloy surface including molecular, atomic and subsurface. Subsurface oxygen diffusion, which is initiated at relatively high adsorption temperatures, inhibited by the presence of Au in the AgAu alloy. The population of atomic oxygen decreases with increasing Au content because of the need of silver multiatom adsorption sites for atomic oxygen adsorption. On pure Au surfaces the dissociative adsorption of O 2 is limited, particle morphology is a key factor influencing O 2 dissociation, it is more favored on low coordinated corner and edge Au atoms highly populated on small particles of about less than 2 nm diameter [1, [58] [59] [60] . In the Ag-Au alloy molecular oxygen adsorption is favored due to the absence of Ag multiatom sites and the presence of single Ag atoms. In our experimental conditions (at high Au and low Ag content, low temperature, aqueous media) molecular adsorption could take place on the surface of bimetallic catalysts. The high surface coverage of hydroxide ions in water at high pH also makes difficulties in oxygen dissociation therefore atomic oxygen adsorption is not likely on the surface of our catalysts.
Considering the ionization potential of Au and Ag is 9.22 and 7.58 eV, respectively; electronic charges could transfer from Ag to Au atoms, but in the case of our bimetallic samples the BE of Au (or Ag) did not depend on the Ag/Au molar ratio. Experimental results with the physical mixture of the monometallic catalysts (no synergistic activity increase was detected in that case)
suggested that synergism occurred if Ag atoms were in the vicinity of Au atoms, maximum activity was reached at Ag/Au=20/80. The Ag/Au ratio affected the geometry (size, shape and surface composition) of the particles. Considering the molecular size of glucose (1 nm of diameter [61] ) and Ag (or Au) atoms (atomic radius 0.144 nm), the former is much larger than the latter. Consequently for glucose activation multiatom adsorption sites are needed. Considering the size of glucose, oxygen and gold/silver atoms, more space is needed for the surface adsorption of the glucose than the O 2 . Oxygen adsorption is preferred on silver rather than on gold and adsorption of other negatively charged species (OH groups, carbonate and bicarbonate species) may be stronger on the positively charged Ag than on Au. The strength of adsorption of these molecules on gold is thought to be weaker compared to silver, therefore the glucose may substitute the pre-adsorbed molecules on the gold surface but not on the silver surface. Thus the O 2 , OH adsorption is suggested to be dominant on Ag sites, while glucose adsorption on multiatom Au sites and the reaction takes place between these species in close vicinity. If the Ag/Au ratio is higher than the ideal one, the adsorption of larger glucose is hindered also on gold. Having not enough extended Au surface lowers the glucose oxidation activity.
Hypothetical reaction mechanism
The mechanism proposed for glucose oxidation over our silica supported silver-gold catalysts is consistent with our experimental results and based on previous studies for alcohol oxidation [62] and glucose oxidation on gold catalysts [9, 11, 63 Density functional theory calculations [62] on ethanol oxidation over gold surfaces showed the highest activation barriers for the decomposition of peroxide {2} and hydrogen peroxide {3}
intermediates. All the other reaction steps showed lower activation barriers.
Study on the decomposition of hydrogen peroxide on silver, gold and silver-gold alloys concluded high activity of silver in this reaction compared to gold [64] . Despite of the activityreducing effect of gold addition to silver, the alloy showed higher activity than pure gold. Figure 9 shows the schematic illustration of the active center of the catalyst with the reaction between the adsorbed OOH and glucose.
[ The higher activity of our bimetallic samples compared to the monometallic Au/SiO 2 catalyst can be explained by the higher decomposition rate of peroxide-species on the surface of the bimetallic catalysts promoted by Ag. Geometry of the metal surface plays an important role in the creation of the active centers.
Conclusion
Summarizing, Ag addition to Au/SiO 2 up to about Ag/Au=33/67 provided synergetic effect in selective glucose oxidation reaction. The AgAu catalysts contained dominantly alloyed metallic particles both after calcination and following reduction treatments. The calcination -reduction pretreatment changing somewhat the particle size and the surface Ag/Au atomic ratio slightly affected the activity of the catalysts, however, the activity order of the samples remained the same.
The higher activity of the bimetallic samples could be due to the improved O 2 activating ability provided by Ag sites at optimum surface arrangement The further increase of Ag loading above the ideal concentration may dilute or cover the Au to such an extent that the number of gold ensembles necessary for glucose activation decreases deteriorating the activity. The inset shows the original spectra of the same sols. 
Ag/Au ratio (% )
Calcined at 400°C in air
Reduced at 350°C in hydrogen
